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Tnis study is an evaluation of retorting costs for a number 
of process designs using the Gas-Combustion process. The 
information used in this study has been partially avail ­
able in scattered fragments, previously, and some of it 
has been used in carrying out previous economic analyses
of retorting costs (References 1 through 7). This study 
is intended to bring this material into a single unit and 
to consider evaluation of what was achieved in Retort No. 3 
during Stage II. 
The retorting costs that are described in this memorandum 
are restricted to those costs that result from investment 
and operation of a Gas-Combustion Retorting plant that is 
capable of producing 50,000 B/CD of crude shale oil. These 
costs do not include the estimate for costs of off-site 
facilities. These have been separately estimated and re­
ported (Reference 8). Mining and crushing costs are not 
considered in detail in this study. These are the subject
of separate memoranda (References 9 and 10). However, 
because of the influence of these costs on the mining­
crushing-retorting complex optimum their overall effect 
in each case studied will be indicated. 
Five particular process cases are considered in this 
analysis. The first case is the low shale rate case which 
has been used throughout the Initial Program. The second 
case is the best U. S. Bureau of Mines operation in Retort 
No. 3 in which substantially all of the shale was processed.
The next two cases reflect experience during the Initial 
Program in Retort No.3. One of these cases is based. on 
the use of a single wide size range fraction of retort 
feed while the other is btl.sed on the use of two more 
closely screened shale fractions. In each case, the 
reference runs used were chosen as the most attractive 
among a number of alternatives, using the retorting cost 
estimates related to shale rate and yield that were reported 
in a previous memorandum (Reference 7) as a preliminary
economic screening guide. The last case is based on 
Initial Program data obtained in Retort No. 2 using the 
same two closely screened shale fractions evaluated in 
the previous case. 
The cases studied in this memorandum are not to be considered 
as optimum operations of the Gas-Combustion Retorting 
process. The necessary work required to prove that they 
are optimum has not been carried out. They are, rather, 
indications of the "state of the art" at the end of the 
Initial Program. 
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II. SUMMARY AND CONCLUSIONS 
A study of the cost of retorting 30 gallon per ton oil 
shale to produce 50,000 B/CD of crude shale oil in five 
particular retorting plant designs using the Gas-Combustion 
Retorting process, has been completed. This study is baaed 
on a hypothetical 50,000 B/CD mining-crushing-retorting 
complex. No refining facilities are considered in this 
study. The equipment investment costs for the base case 
(Case 1) of the retorting part of this complex have been 
estimated from a Mobil engineering study (Reference 11).
Using this design as a base, the equipment investment 
costs for the other four cases were also est·i.mated. The 
operating cost estimates are also partially based on this 
Mobil study. 
The lowest overall cost of producing shale oil, within 
the constraints of this analysis was achieved while pro­
cessing 1/4 to 1 inch and 1 to 2 1/2 inch shale. Retort 
No. 2 yields, shale rates and gas rates were used. The 
second lowest overall costs were achieved using the same 
shale fractions and Retort No. 3 yields, shale rates and 
gas rates. The Retort uo. 3 limiting gas rates and shale 
mass rates are lower than in Retort No. 2 thus resulting
in a lower yield, higher cost operation. All of the cases 
studied which are based on Initial Program data, gave lower 
overall costs than either the best u. S. Bureau of Mines 
operation in Retort No. 3 or the 140bil design base case. 
This is due primarily to the higher shale rates and, in 
comparison to the U. S. Bureau of ~1ines operation, the 
higher yields obtained during the Initial Program. The 
overall costs. relative to the base case are as follows: 
l:::., ¢ /bb1 
Case 1. - Dase case 
230 lb/(hr) (ft2) operation 
with 1/4 to 3 inch shale 
and 90% yield 0.0 
Case 2. - Dest u. S. Bureau of 
Mines Retort No. 3 operation 
300 lb/(hr) (ft2) opera­
tion with 1/4 to 3 inch 
shale and 81.3% adjusted 
yield +3.0 
Case 3. - Initial Program Retort 
No. 3 Operations 
500 lb/(hr) (ft2) opera­
tion with 1/4 to 2 1/2 
inch shale and 82.3% 





Case 4. - Initial Program Retort 

No. 3 operation 

300 lb/(hr) (ft2) opera­
tion with 1/4 to 1 inch 
shale an~ 89.4% adjusted 
yield, and 400 lb/(hr) (ft2) 
operation with 1 to 2 1/2
inch shale and 87.3 ad­
justed yield. -7.8 
Case 5. - Initial Program Retort 

No. 2 operation 

500 lb/(hr) (ft2) opera­
tion with 1/4 to 1 inch 
shale and 91.6% adjust­
ed yield, and 400 lb/(hr) 
(ft2 ) operation with 1 
to 2 1/2 inch shale and 
88.4% adjusted yield. -9.9 
The lowest retorting cost, as contrasted to overall cost, 
was obtained in the case in which 1/4 to 2 1/2 inch shale 
was processed using Retort No. 3 yields, shale rates and 
gas rates. The reason for this is that this is a 10\,7 
investment, low operating cost case \/ithin the retorting 
plant. However, since it is also a 10\,1 yield operation, 
the mining, crushing, and spent shale disposal costs are 
relatively high. This case is also more sensitive to 
changes in vent gas marketability and spent shale disposal 
cost. 
Further experimentation is needed to demonstrate the vali ­
dity of these conclusions by an extended operation. It 
is advisable to consider testing these conclusions on a 
larger scale of operation than Retort No. 3 because of the 






-III. DETAILED DISCOSSION 
A. 	 Economic Bases 
This study has been carried out so that it is consis­
tent with the guidelines outlined in Technical t-1emo­
randurn No. 67-28. Briefly it is a study of the re­
torting plant of a mining, crushing, retorting com­
.plex for processing of oil shale in Colorado, that 

is designed to produce 50,000 B/eD of crude shale 

oil from 30 gallon per ton oil shale. 

B. 	 Proc0~s Bases 
The five process cases considered in this study are: 
1. 	 Base Case - A 230 lb/(hr) (ft2) operation 
wlth~174 to 3 inch shale. 
This 	has been used in a Mobil engineering 
study (Reference 11) as a process basis. 
This 	engineering study has been used in 
this 	study to assist in estimating invest­
ment 	and operating costs. 
2. 	 Best U. S. Bureau Of Mines Operations in 
Retort No.3 
A 300 lb/(hr) (ft2) operation with 1/4 to 
3 inch shale. 
3. 	 Initial Prog~am Operation in Retort No.3 
With 174 to 2 1/2 Inch Shale 
A 500 Ib/(hr) (ft2) operation. 
Preliminary economic screening of the data 
available in Retort No. 3 with this size 
fraction indicated that this was a more 
attractive operation than bm other opera­
tions carried out at lower mass rates. 
4. 	 Initial Program Operation In Retort No.3 
With 1/4 to 1 Inch and 1 to 2 1/2 Inch Shal€ 
A 300 lb/{hr) (ft2) operation with 1/4 to 
1 inch shale and a 400 Ib/{hr) (ft2) opera­
tion with 1 to 2 1/2 inch shale. 
This pair of operations, which comprise 
a single case, represent a simulation of 
commercial operation using two relatively 
closely screened. feed fractions. Prelimi­
nary economic screening of the data obtained 
r 
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with 1 to 2 1/2 inch shale in Retort No. 3 
indicated that the 400 1b/{hr) (ft2) opera­
tio9 was more attractive than a 500 1b/(hr) 
(ft ) operation which was also considered. 
S. 	 Initial Program Operation in Retort No.2 
''lith 1/4 to 1 Inch and 1 to 2 1/2 Inch Shale 
. A 500 1b/(hr) (ft2) operation with 1/4 to. 1 inch shale and a 400 lb/(hr) (ft2) opera­
tion \-Ii th 1 to 2 1/2 inch ·sha1e. 
This case was included because higher shale 
rriass rates and gas rates were achieved. 
in Retort No. 2 than in Retort No.3. 
Although it is believed that the localized 
channeling problem in retorts of large cross­
sectional area is the primary factor in 
reducing the gas rates that are operable 
in large retorts, this case was included 
in case there was a unique combination of 
hard~'lare in Retort No. 2 that improved 
opera!Ji1ity. 
The yields used in these,cases have been o~ta~ned by,
adjusting the measured y~e1ds of the runs ~nd~cated ~n 
Table 1 for screen analysis and assay using an adaptation 
of the Retort No.2 and Retort No.3 yield regression, 
analysis recently reported (Reference 12). The equat~on 
used 	is: 
Ya = Ye - (34.738 - 2.1976 R) (Dva - DVe ) 
DV Dv \ 
-3.9267 Daa Da1 + 0.28275 (Aa - Ae)( 
lihere Y = Volume % F. A. yield 
R = Recycle gas rate, MSCF/ton RS 
Dv = ~leight average diameter, inches 
~ =. Ratio of \'leight ana sur;... 
a face average diameters 
A = Fischer assay, gallon per ton 
Subscript 
a = Adjusted variable 
e = Experimental variable. 
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The screen analyses used as a basis for adjusting sizes 
were taken from the recent crushing study (Reference 10). 
The crusher product screen analyses from which the retort 
feed screen analyses were derived are shown in Figures 1 
and 2. 
The screen analyses for 1/4 to 3 inch, 1/4 to 2 1/2 inch, 
'and contiguous 1/4 to 1 inch and 1 to 2 1/2 inch retort 
feed fractions'are shown in Figures 3, 4, 5, and 6. The 
screening efficiency curve used to derive these fractions 
is included as Figure 7. 
The process bases are summarized in Table 1. 
C. Egulpment Investm8nt 
The retorting plant under stu6y consists cf a number 
of retorting subplants. The size and number of these 
subplants used for a particula,r case depends on shale 
throughput, shale mass rate, and structural limita­
tions imposed by the subplant ~esign. The design 
of each of these subplants is partially base~ on a 
study by Mobil (Reference 11) in which an engineering 
study of a plant for Case I, the base case, i.'laS COiII­
pleted. 
These subplants consist of a battery of retort ele­
ments equippec~ i.·d th eo. ra\-I shale feed system, a spent 
,shale drawoff system, a ,recovery system consisting 
of ~ battery of electrostatic precipitators, and a 
gas circulation system consisting of a battery of 
blowers. The duct work, piping, and insulation cost 
and the in::;trum'~ntation and electrical system costs 
have been estimated for each of these subplants. 
In the following table the number of subplants needed 
for each process case are shown: 
Size Fraction Number of Retorting 
Case Processed Subplants 
1 1/4 to 3 inches 5 
2 1/4 to 3 inches 4 
3 1/4 to 2 1/2 inches 4 
4 1/4- to 1 inch 
1 to 2 1/2 inches 
1)4
3, 
5 1/4 to 1 inch 






PROBABLE SIZE DISTRIBUTION OF 3 INCH MINUS CRUSHER PRODUCT 
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PROBABLE SIZE DISTRIBUTION OF 2 1/2 INCH MINUS CRUSHER PRODUCT 
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PROBABLE SHALE SIZE DISTRIBUTION OF 1/4 TO 3 INCH RETORT FEED 
Da == 1.19 Inch 
Dv == 1.87 Inch 
Ref.: Calculated From Figure 1 and Figure 7 













PROBABLE SHALE SIZE DISTRIBUTION OF 1/4 TO 2 1/2 INCH RETORT FEED 
Oa = 1.07 Inch 

Ov = 1.54 Inch 
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PROBABLE SHALE SIZE DISTRIBUTION OF 1/4 TO 1 INCH RETORT FEED 
Oa = 0.53 Inch 

Dv = 0.65 Inch 

Ref.: Calculated From Figure 2 and Figure 7 
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PROBABLE SHALE SIZE DISTRIBUTION OF 1 TO 2 1/2 INCH RETORT FEED 

Da = 1.51 Inch 

Dv = 1.76 Inch 
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SCREENING EFFICIENCY FOR REASONABLE SCREENING COST 
Ref: (l)J. Motz, Nordberg Corporation, Private Communication 
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, PROCESS BASES FOR RETORTING COST ANALYSIS 
Case Case Case Case 	 Case 
~'1 2 	 4 5oJ 
Raw Shale Properties 
Nominal size Range, Inch 1/4-3 1/4-3 1/4-2 1/2 1/4-1 1-2 1/2 1/4-1 1-2 1/2
Da, Inch 1.19 1.19 1.07 0.53 1.51 0.53 1.51'
Dv, Inch 	 1.87 1.87 1.54 0.65 1.76 0.65 1.76 
wt Fraction of Crusher 

Product in Nominal 

Size Range 0.975 0.975 0.967 0.173 
 0.785 0.173 0.785
Fischer Assay, gal/ton 30 30 30 - 30 	 30 
Retort Operatin9 Conpitions 
Raw Shale Mass Rate, 1bs/ 
(hr) (ft2 ) 230 300 500 300 400 500 400
Gas Rates, SCF/T 
Recycle 13,600. 13,300 11,700 13,000 14,500 12,100 15,100
Dilution 3,200 2,900 1,600
Air 3,900 3,900 4,700 5,200 4,600 4,800 4,400
Bed Height, Feet 

Above Air Distributor 
 11 10 	 9.5 5.5 12.5 5.5 12.5
Below Air Distributor 7 	 7 6 	 6 7 5.5 '7 
~eed and Product Rates (B~sed on 50,000 B/DC 20.2 0 API Crude Shale Oil) 
Crusher Product, TlcD 79,760 88,290 87,950 83,320 82,110 
Retort Feed, T/CD 77,780 86,100 85,050 79,810 78,650 
Retort Feed, T/SD(l) (;6,420 95,670 94,500 15,980 72,700 -15,750 71,640 
Oil Yield, Vol % FA(2) 90.0 81.3 82.3 89.4 87.3 91.6 88.4 
Vent Gas, MSCF/CD 470 520 620 582 545 
Fines, T/CD 1,980 2,190 2,900 3,510 3,460 
Spent Sha~e, T/CD 62,300 70,000 67,600 62,800 62,200 
Reference Nos. Run Base 25 C1049 C1051 C1027 B969 B952 
1-5 5-9 1-3 1-4 I-T F-K 
(1) Assuming 90% stream factor for retorting plant 
(2)Experimenta1 	yield adjusted to most probable commercial screen analyses and to 30 gallon per 





NO provision for separating product oil from product 
water has been provided. The disposal of the raw 
shale fines, vent gas and spent shale fines are 
considered separately from this equipment investment. 
For estimating the investment for each case, the 
method used has been to estimate the number of 
retorting subplants for each size fraction to be pro­
cessed and the bed cross-sectional area. The invest­
ment per retort element battery \-las then made \lTith a 
suitable adjustment in cost for total bed height. 
The sum of the installed equipment investments for 
retort element batteries, the electrostatic precipita­
tor battery, the blower battery, the ra~'l shale feed 
system anc the indirect costs of engineering and 
construction, contractor's fee and continqency is 
the depreciable investment. The total fixed capital 
investment is the sum of depreciable investment, 
the Colorado Sales and Use Tax, and the freight on 
equipment. 
The cost of capital has been calculated using the 
bases presented in Technical Memorandum No. 67-28. 
(Cost of capital is defined as the cost of recovering 
the ,'::apital invested and earning a 10% discounted 
cash flow return on the investment, after income 
taxes). The results of this equipment investment 
study are presented in Table 2. These investment 
estimates have all been adjusted to a 1966 equipment 
cost base. No escalation of costs from this base 
is considered in the inves~ment estimate. 
D. Direct Production Costs 
1. Labor and SUEervision Cost 
The estimated labor and supervisory manpower 
needs for this retorting plant are summarizee 
in Table 3. The supervisory personnel listed 
are first line supervisors. The wage or 
salary, benefit and overtime provisions for 
each job level are listed in Table 4. 
The estimates of op~~atinq labor on shift are 
related to the number of retorting subplants
required. For any shift, n + 2 operators are 
provided, where n is the number of retorting 
subplants. This-assumes that a central control 
facility for the entire retorting plant is 
provided. r'1aintenance lahor on shift is also 
related to thp number of subplants. In this 










Duct work, Piping & Insulation 
Instrumentation & Electrical 
Raw Shale Feed System
Freight (1) 

Colorado Sales & Use Tax(l) 

Indirect Costs, M$(2) 
Engineering & Construction 
Contractor's Fee 
Fixed CaEita1 Investment, M$ 
Contingency, M$ 
Total Fixed CaEital Investment., M$ 
DeEreciab1e Investment(3) 
Cost of Capital, ¢/bb1 





























































33,440 29,450 25,080 27,270 26,510 
32,640 28,750 24,480 26,610 25,870 
38.6 34.0 29.0 31.5 30.6 
(1)3% of materials with 60/40 material to labor split on installed equipment 
(2)Engineering 	and construction is 25% and contractor's fee is 7% of direct cost 
excluding sales tax and freight 





OPERATIONS AND MAINTENANCE 
Case 
1 
Labor, Number of Men 
Operations







Total Labor 59 









Total Supervision 9 




















Case Case Case 
3 4 5 
1 1 1 
24 24 24 
25 25 25 
5 5 5 
20 20 20 
25 25 25 
50 50 50 
0 0 0 
4 4 4 
4 4 4 
1 1 1 
4 4 4 
5 5 5 
9 9 9 





;COST OF LABOR AND SUPERVISION . . 
.:. 
Case 1 Cases 2 - 5 
,Wage Salary Benefit Overtime Wage Salary Benefit Overtime 
Labor Cost, SleD 
Operations @$6240/man-year 496 149 120 427 128 103 
Maintenance @$6760/man-year 556 167 117 463 139 97 
Total 1052 316 237 890 267 200 
SUEervision Cost, $/CD 
Operations @$8000/man-year . 88 26 88 26 
Maintenance @$9000/man-year 123 37 123 37 
Total 211 63 211 . 63 





One operations foreman and one maintenance fore­
man are needed per shift. For each man shift, 
four men have been employed for 24 hours per 
day. It has been assumed that the plant will 
operate 365 days per year. 
An additional operator has been provided who 
will work on a day schedule. His function is 
planned to be that of a data clerk. A day 
maintenance crew is also provided. The number 
in this crew is related to the number of retort­
ing subplants. n + 1 maintenance men per day 
are provided. This crew is supervised by a day 
maintenance foreman. For each of these jobs, 
a single man has been provided and each will 
regularly work a 40 hour, 5 day week, 52 weeks 
per year. 
The wage per operator has been calculated at 
$6240 per man year while that for a maintenance 
man has been calculated at $6760 per man year. 
Rather than hiring extra operators and mainte­
nance men as shift breakers, ana for vacation 
and sick leave coverage, a 25% overtime factor 
at the straight wage rate has been assumed. 
With day scheduled men, a 5% overtime factor 
has been allo\,lec.1 for time not worked. The 
salary of operations and maintenance foremen 
has been assumed to be $8000 and $9000 per man 
per year. UO overtime allowance has been made 
for these supervisory personnel. A fringe 
benefit factor of 30% of regular wages and salar­
ies has been assumed. 
2. Materials Cost 
Annual costs for maintenance materials and 
operating and miscellaneous materials are esti­
mate~ in direct proportion to investment. These 
are fixed at 3 and 1 cents per dollar of invest­
ment per year, respectively. No charge is pre­
sented for raw materials since the charges for 
mining and crushing shale will be treated as 
separate components of the overall cost of 
crude shale oil. 
3. Utility Cost 
The major users of power in the retorting plant 
are the gas blowers and the electrostatic pre­
cipitators. Relatively minor amounts are used 
in conveying shale and pumping liquid product. 
Other utility costs are negligible compared to 
the cost of electric power. Power requirements 
• 
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for handling spent shale beyond the retort 
subplants themselves are not included in the 
power cost. This cost is lumped into the spent 
shale cost. 
In estimating the utility costs, the assump­
tion has been made that the expenditure for 
utilities can be broken down into two compo­
nents: a variable component that depends on the 
rate of gas circulation and a constant compo­
nent that reflects the power consumption for 
operation of the electrostatic precipitators, 
and for conveying B.nd pumping operations. 
The variable cost for power is directly pro­
portional to the energy required for compress­
ing a fixed volume of gas and the volumetric 
rate of gas circulation. It has been assumed 
that the difference in pressure drop through 
the bed among the various cases is a small 
portion of the total system pressure drop and 
that within the accuracy of these calculations 
this has a negligible effect on power cost. 
The variation in cost is due to the variation 
in volumetric rate of gas circulation. 
These costs are summarized in the following 
tabulation: 
Case Case Case Case Case 
1 2 3 4 5 
Power used for 
gas compression, MKWHR CD 506.7 549.0 494.4 511.9 494.2 




265.6 265.6 265.6 265.6 265.6 
Cost $/CD 2656 2656 2656 2656 2656 
Total Power, MKWHR 
CD 
7723 8146 7600 7775 7598 
4. B~-Product DisEosal Cost 
The technology involved in disposing of the 
by-products of a retorting plant, which are raw 
shale fines, vent gas &D spent shale, is either 
so poorly defined or is so dependent on factors 
such as plant location and marketability of the 
by-product that it is difficult to evaluate the 
effect of these factors on shale oil cost. To 
aid in this evaluation for various particular 
- 14 ­
technological, 10cationa1 and market situations, 
these disposal costs have been separated from 
the cost of retorting, and are considered as 
separate costs incurred during disposal of these 
materials outside of the battery limits of the 
retorting plant. 
In the case of raw shale fines, the most pessi­
mistic situation that has been considered is 
the case in which the fines have no market value 
and are disposed of with spent shale. The most 
optimistic situation envisions that all of the 
raw shale fines are transferred to a fines pro­
cessing facility at a transfer price approxi­
mately equal to the incremental cost of mining 
and crushing an additional ton of raw shale. 
This cost is estimated by summing the operations 
cost of mining and crushing developed in this 
project. In Figure 8, a plot of raw fines dis­
posal cost is presented as a function of the 
percent of the raw shale fines sold at 45¢ per 
ton. Cases 4 and 5 are the most sensitive to 
the extent of fines processing. This is be­
cause of the higher yield of fines when both 
1/4 to 1 inch and 1 to 2 1/2 inch size fractions 
are separated from ~le crusher product. In 
light of the recently reported success of 
TOSCO's operation, it is felt that the most 
probable situation is that ell of the fines can 
be processed. 
The vent gas disposal is handled in a similar 
nanner. The pessimistic situation in this 
case is that the vent gas must be flared. The 
primary charge for flaring is the power cost 
of compressing air for the flare. A1:1 air 
and vent gas mole ratio has been assumed. Opti­
mistically, all of the gas can be sold at some 
discount from the price of natural gas. Natural 
gas can be purchased in this area for about 30¢ 
per million standard cubic feet. Retort vent 
gas has a much lower heating value, therefore 
a higher investment is required to handle this 
poorer quality gas. It has been estimated, 
rather crudely, that 16¢ per million standard 
cubic feet for retort vent gas adequately dis­
counts the market value of natural gas so that 
the added investment is allowed for. Even at 
this price, however, it is assumed that the 
point of consumption of this gas is near the 
retorting plant. Figure 9 presents the cost 
of vent gas disposal as a fUnction of the per­
cent of the vent gas sold at 16¢ per million 
FIGURE 8 
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standard cubic feet. Cases 3 and ~ are most 
sensitive to vent gas sales. This is because 
of the higher air rates used in these runs. High 
air rates increase the vent gas make. Because 
of the uncertainty of these projections, and 
because the joint .action by a second party is 
required to use vent gas profitably, it has 
been assu.'1led that half of the gas coule be sold 
., 	 at this price. This quantity of gas is about 
the quantity needed to operate a power plant 
the size of the Public Service Company of Colo­
.. rado installation at Cameo, Colorado. 
Spent shale disposal 'cost is very sensitive to 
plant location. Because of the hypothetical 
nature of the enterprise studied in this analy­
sis, it is difficult to define this cost. No 
value of spent shale "laS assumed and a range of dis­
posal costs was considered ranging from 0 to 
6¢ per ton. The most probable situation descri ­
bed in Table 5 assumes that it costs 3¢ per ton 
to dispose of 68,000 TIeD of spent shale. For 
cases which produced different amounts of spent 
shale than 68,000 TICD, The cost of disposal 
was scaled using a 0.6 power. The cost of 
spent shale disposal in cents per barrel as a 
function of spent shale disposal cost in cents 
per ton is presented in Figure 10. Lo\'1 yield 
operations such as Cases 2 and 3 are most sensi­
tive to this cost. 
B. Fixed Costs 
1. Insurance and Propertv Taxes 
This charge is also es.timated as pro­
portional to investment at l.5¢ per 
dollar of ·investment per year •. 
, ____ ~J___F. Total Retortina Cost 
The retorting costs are summarized in-Table 5. 
Case 3 has the lO\'lest total retorting cost of 
the five cases. This is becauBe of the lower 
investment ",h~_ch in turn is related to the 
relatively high shale rate used in this 
case. The utili tv costs are also lm'1er 
."' ..... 	 for this case because of the 10\<ler total gas 
rate. All three of the cases based on Initial 
Program experimentation (Cases 3, 4, and 5) are 
significantly lower in total retorting cost than 





RETORTING COST SU~L~RY 

• 
Case Case Case Case Case 
1 2 3 4 5 
Direct Production Costs, $/CD 
Labor (I) 
Opex:ating 765 658 658 658 658 
!-1aintenanqe 840 699 699 699 699 
Supervision (2) 
Operating 114 114 114 114 114 
Maintenance 160 160 160 160 160 
Materials 
Operating and Miscellaneous 894 788 671 729 709 
Maintenance 2,682 2,363 2,012 2,188 2,126 
Utilities 	 7,723 8,146 7,600 7,815 7,638 
By Product Disposal Cost, $/CD 
(Most Probable Value) 
Raw Shale Fines -890 -985 -1,305 -1,580 -1,560 
Vent Gas -2,407 -2,667 -3,180 -2,983 -2,795 
Spent Shale 1,920 2,055 2,015 1,925 1,910 
Fixed Costs, $LCD 
Insurance and Property Taxes 1,341 1,182 1,006 1,094 1,063 
Operating Costs, 	$LCD 13,142 12,513 10,450 10,819 10,722 
¢/bb1 26.3 25.0 20.9 21.6 21.4 
Cost of Capital, 	¢/bb1 38.6 34.0 29.0 31.5 30.6 
Total Retorting Cost, ¢/bb1 	 64.9 59.0 49.9 53.1 52.0 
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An important point in establishing the total 
retorting cost is the initial choice of the 
number of retorting subplants to be used for a 
particular process situation. Reducing the 
number of subplants from four to three reduces 
total retorting cost by about 3.3 to 3.4¢/bbl 
for Cases 3 and 4. This is shown in Table 6. 
HO\<lever, the fe\'ler the number of subplants, 
the larger the individual subplant becomes. 
Design and operating flexibility are sacrificed 
as the number of subplants is reduced. A de­
signer \'lould have to balance investment economy
with flexibility and ,reach a good compromise.
For the hypothetical situation faced here, it 
is felt that the four subplant design is more 
practical and more conservative than the alter­
nate three subplant designs. 
G. ~rall Cost ,of P~~ducing Crude Shale Oil 
The overall cost of producing crude shale oil 
within the constraints of this analysis \laS 
achieved in Case 5 which is based on Retort 
No. 2 yields, shale rates and gas rates using 
two closely screened shale fractions as retort 
feed. Case 4, which is also a t\,/O shale frac­
tion retort feed case, has tile second lowest 
overall cost. Retort No. 3 yields, shale rates 
and gas rates were used in this case. Each of 
these cases had 10lJ.:er overall costs than Case 
3, in which a single wide range shale fraction 
was fed to Retort No.3, in spite of the fact 
that Case 3 had a lower total retorting cost. 
Because of the low yield of Case 3, more shale 
must be processed to yield 50,000 bbl/CD of 
crude shale oil, therefore, the mining and crush­
ing cost per barrel of oil is higher for this 
case. All three cases based on Initial Program 
data are ~ore attractive, economically, than 
the U. S. Bureau of rUnes operation described 
in Case 2 or the base case. These results are 
summarized in Table 7. 
The mining cost was estimated using the 51.7¢1 
ton cost of mining developed for an 84,000 T/CD
mine and scaling the cost up or down by the 
factor method as appropriate using an 0.8 
exponent and the actual T/CD of oil shale crusher 
product needed to produce 50,000 bbl/CD of 
crude shale oil. An 0.8 exponent was chosen be-· 




SENSITIVITY OF RETORTING COSTS TO NUMBER OF RETORTING SUBPLANTS 

Case 3 Case 4 
Number of Subp1ants 3 4 3 4 
Equipment Investment, M$ 
Retorts 7,215 8,530 8,660 9,980 
Others 8,120 8,120 8,120 8,120 
Total Fixed Investment 23,090 25,080 25,270 27,270 
Depreciable Investment 22,540 24,480 24,670 26,610 
Direct Production Costs, 
Labor 
$/CD 
1,012 1,357 1,012 1,357 











Net By Product Disposal Costs -2,470 -2,470 -2,638 -2,638 
Insurance and Property Tax 926 1,006 1,014 1,094 
Operating Cost, $/CD 9,812 10,450 1~,181 10,&19 
, ¢/bb1 19.6 20.9 20.4 21.6 
Cost of Capital, ¢/bb1 26.7 29.0 29.2 31.5 















OVERALL COST OF PRODUCING CRUDE SHALE OIL 
Case 2 Case 3 Case 4 
Best USBM ~ Initial Program ,.Retort No. 3 Operation .... Retort No. 3 
1/4 to 3 Inch 1/4 to 2 1/2 Inch ""E-- 1/4 to 1 and 1 
¢/bb1 	 ¢/bb1 ¢/bb1 
90.4 	 90.1 86.0 
28.8 	 28.6 28.3 
59.0 	 49.9 53.1 
29.6 ' 	 29.6 29.6 
207.8 	 198.2 197.0 
+3.0 -6.6 -7.8 
Case 5 ,... 
Retort No. 2 















The crushing cost of l6.6¢/ton was also based 
on an 84,000 TICD level of production. The cost 
was scaled with a 0.6 exponent which was chosen 
because of the relatively low labor, high invest­
ment cost of crushing. In Cases 4 and 5 the base 
crushing cost was increased to l7.0¢/Ton be­
cause of the added complexity of the crushing
plant because two fractions of retort feed were 
needed. 
The offsites component of total cost was fixed 
at 29.6¢/bbl in Technical Memorandum No. 67-28. 
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On Case 4.) 
A-2 





Plant 1 to 2 1/2 1/4 to 1 

Fraction Product Inch Inch Reject 

2 to 2 1/2 26.900 26.900 

1 1/2 to 2 30.500 30.500 

1 to 1 1/2 17.200 17.200 

3/4 to 1 8.600 1.330 7.270 

. 1/2 to 3/4 5.000 0.773 4.227 
1/4 to 1/2 5.800 0.896 4.904 
o 	to 1/4 6.000 0.927 0.863 4.210 
100.000 78.526 17.264 4.210 
Basis: 100 l~Crusher Product 	 E. = 84.5% 
7} 	(l)74.600 1 to 2 1/2 Inch Actual) 	 (See Figure 
3.926 -1 inch . 1 to 2 1/2 inch 
78.526 lb. Total 	 Product 
16.401 1/4 to 1 Inch Actual)
0.863 -1/4 inch 	 1/4 to 1 Inch 
17.264 lb. Total 	 Product 
4.210 lb. Total 	 Reject 
1 	 to 2 1/2 % Passing 1/4 to 1 % Passing 
Inch Thru Inch Thru 
2 to 2 1/2 26.900 34.256 2 1/2 100.0 

1 1/2 to 2 30.500 38.841 2 65.7 

1 to 1 1/2 17.200 21.904 1 1/2 26.9 

3/4 to 1 1.330 1.694 1 5.0 7.270 42.111 1 100.0 

1/2 to 3/4 . 0.773 0.984 3/4 3.3 4.227 24.484 3/4 57.9 

1/4 to 1/2 0.896 1.141 1/2 2.3 4.904 28.406 1/2 33.4 

o 	to 1/4 0.927 1.180 1/4 1.2 0.863 4.999 1/4 5.0 
78.526 100.000 	 17.264 100.000 
(l)E is defined as wt.% of undersize in feed removed by screen. 
A-3 

Adjustment of Yield 
1 to 2 1/2 at 400 mass rate 
Ya = Ye - (34.738 - 2.1976R) (Dva - Dve ) 
- 3.9267~n:a - ~:e) + 0.28275(30 - Ae} 
Ya = 86.6 - (34.738 + 2.1976 X 14.5) (1.76 - 1.61) 
- 3.9267 (1.17 - 1.13) +.28275(30 - 25.5)= 87.3 
1/4 to 1 at 300 mass rate 
Ya = 88.6 - (34.73,8 + 2.1976 X 13.0) (0.65 - 0.73) 
- 3.9267(1.23 - 1.12} + .28275(30 - 27.4) = 89.4 
Investment 
Direct investment for a single fraction of retort feed = Investment 
for retort subp1ants + bed height correction 
Ii = niCe + Ai D} + 204fi(Hi - 18}, M$ 
nA 
Where: Ii = Direct investment in retort subp1ants 
processing fraction i. 
ni = Number of retort subp1ants processing 
fraction i. 
C = Base case investment in alloy and steel 
castings and drawoff feeder and its 
associated equipment. 
D = Base case investment in retort vessels, 
support structures and local feed system. 
Ai = Bed cross-sectional area for a single 
retort subp1ant processing fraction i. 
A = Bed cross-sectional area for a single base 
case retort subp1ant. 
n = Number of retort subp1ants for base case. 
fi = Weight fraction of retort feed in fraction i. 
Hi = Height between recycle distributors and 
offgas headers for 
Ai == 8~~ 3 (:/:r~) i 
A-4 
Ratio of T/SD of retort feed in 
fraction i to shale mass rate in 
1b/Hr - sq ft for retort subp1ants 
processing fraction i. 
For 	Case 4. processing of 1/4 to 1 inch. 
Let 	ni = 1 
A = 83.3 (15,980) = 4437 sq ft 
1 	 --r- 300 
I1 = 1(1319 + 5 ~4g~50 X 7490) + 204 X .180(11~5 - 18) 
= 2143 M$ 
Case 4. processing of 1 to 2 1/2 inch. 
Let ni = 3 
A2 = lU.! (72,700\ = 5047 sq ft 
3 \: 400") 
I2 = 3 (1319 + 5047 X 7490) + 204 X .820(19.5 - 18)
5 X 	 6250 
= 7838 M$ 
N 
Ig =1 Ii + F 
Where: Ig = Direct investment in Gas-Combustion Retorts. 
F = 	Base case investment in precipitators, blowers, 
duct work, piping and insulation, instru­
mentation and electrical work. 
Ig = 2143 + 7838 + 7580 = 17,561 (17,560) (1) 

Raw shale feed system investment is 540 M$. 

Therefore total direct investment = I = 18,101 (18,100) 

Depreciable investment = 1.47I 

= 26,608 (26,610) 
Freight ~) .03 X .6 X I Colorado sales and use tax 
= .03 X .6 X 18,101 
= 326 M$ (330) 





Engineering and Construction 
Contractor's fee 
Contingency 
. Fixed capital investment = FCI 
Total fixed capital investment 
= TFCI 
= .25I 
= .25 X 18,101 
= 4525 M$ (4520) 
= .07I 
= .07 X 18,101 
= 1267 M$ (1270) 
= .15I 
= .15 X 18,101 
= 2715 M$ (2720) 
= I + freight + sales tax 
+ engineering and con­
struction + contractor's 
fee 
= 18,101 + 326 + 326 + 4525 
+ 1267 
= 24,545 (24,550) 
= FCI + contingency 
= 24,545 + 2715 









Structure and Local Feed 
Conveyors 











Drawoff Feeder and Associated 
Equipment 2,120 
. Foundations 1,040 
Bed Height Correction 20 
Precipitators 
Blowers 
Duct Work Piping and Insulation 
Instrumentation and Electrical 
Raw Shale Feed System 
Utility Operating Cost 
RT1K









Assume a 2 psi pressure boost in blower. 
R = 1.99 Ftu/(lb-mo1e) (OR) 
T1 = 5200 
~ = OVerall Efficiency/100 
= .567 
Overall Efficiency = 56.7% 
Adiabatic Efficiency = 90% 
Motor Efficiency = 90% 
Blower Efficiency = 70% 
K = cp/cv = 1.4 
P2 = P1 + 2psi 
P1 = 11.6 psia (Normal atmospheric pressure at 6700 ft 






ws = (1 . 99) (52 0) (l. 4 ) ff1 3 .. 66) 1i ~ ~ -lJ 




= (297.0) 1000 

(60) 	(5G. 921 (3. 79) 
KWHR= 	0.229 
MSCF 




Fixed load is 'estimated as 265.6 CD 

. power is bought at l¢/Kl'lHR 

Ui 	= .00229 (R + 2.55A) (T/CDrs) $/CD 
Where: R = Recycle + dilution + seal gas HSCF/T ra~l shale· 
(Assume 1.7 MSCF/T raw shale seal gas used for 
all cases) 
A 	= Air, MSCF/T raw shale 
N 
U 	= 2656 + :2:. Ui
1 
N = Number of fractions processed. 
For Case 4. processing 1/4 to 1 inch. 
Ul = 2.29 X 10-3{l6.3 + 2.55 X 5.2) (15,980) (.90) = 974 
U2 = 2.29 X 10-3 (16.2 + 2.55 X 4.6) (72,700) (.90) = 4185 
U = 2656 + 974 + 4185 = 7815 $/CD 
By Product Disposal Cost 

Raw Shale Fines 

Raw shale fines disposal cost, ¢/bbl 

(1 - f)F fF 

= Ss 	 - St 5'0, 00050,000 
Where: Ss = Spent shale disposal cost, ¢/T 
f = Fraction of raw shale fines transfered 





F = Raw shale fines rate, T/CD 
St = Transfer price of raw shale fines, ¢/T 
(50,000 has units bbl/CD) 
For Case 4. 
Assume Ss = 3.07 
St = 45 
(1 - f) (3510 45 (f) (35l0)Disposal 	cost ¢/bbl = 3.07 
·50,000 	 50,000 
= 0.• 22 - 3.38f 
Vent Gas 
(1 - f G fGVent gas 	disposal cost, ¢/bbl = Sf ------~ - SgV -- ­
50,000 50,000 
Where: Sf = Vent gas flare cost, ¢/MSCF 
f = Fraction of vent gas transfered to gas consumer 
G = Vent gas, MSCF/CD 
Sg = Vent gas transfer cost, ¢/H Btu 
V = Heating value of vent gas, Btu/SCF of wet gas 
For Case 4. Air blower investment 
.~ fl = air/gas ratio 
Sf = Ws X fl X 1 + 5.2 X 10-3 ¢/MSCF 
KWHR 
Ws = 0.335 MSCF for a 3 psi pressure boost 

Assume f1 = 1 

Sf = 0.34 ¢/HSCF 

Disposal Cost 
= 50~000 (f (SgV + Sf) - Sf) 
M Btu Btu 1000 SCF 
SgV + Sf = 16 ¢/M Btu X Btu X 85 SCF X t-1SCF1,000,000 
+ .34 ¢/MSCF = 1.70 ¢/MSCF 







Spent shale disposal cost, ¢/bb1 = SS50~~00 
Where: 55 = Spent shale rate, T/CD 
Ss = Spent shale disposal cost, ¢/T 
(50,000 has unit bb1/CD) 
For Case 4. 
Disposal cost, ¢/bb1 = 1.256 Ss 
